Clustering techniques are of main interest for separation of partial discharge (PD) sources. The separation is achieved if it is possible to extract from the PD pulses specific information related to the source. In this sense, this paper explores the capability of fundamental quantities derived from PD current pulses such as the peak amplitude I peak , the apparent charge Q, and the energy E as parameters intended for source separation. For this purpose, an unconventional PD measuring circuit is used to acquire PD pulses from several laboratory test objects. Once the pulses are digitized and stored, the values of I peak , Q, and E are computed according to the proposed methods in time and frequency domain. A theoretical analysis is presented to illustrate how values of I peak , Q and E can be related to the pulse shape so that they can be used as source separation parameters. Then, the I peak QE clusters are computed for laboratory measurements. The results showed that these parameters are suitable for separation of sources provided that the pulse shapes are different. This cluster technique was also proved to be independent of the change of the acquisition parameters that are relevant for unconventional measuring systems. In addition, the easiness of the quantities computation makes the clustering technique introduced in this paper feasible for practical applications.
INTRODUCTION
Partial Discharge (PD) measurements for the diagnosis of high-voltage equipment have been exhaustively researched over the years because of their accuracy to detect and quantify defects and damages in the dielectric insulation. One of the main challenges with the analysis of PD measurements is the separation of PD sources. Once a PD source has been separated by a certain means, then the recognition of the source can be done, e.g. by means of phase resolved PD patters (PRPD) [1, 2] .
The separation of PD sources entails a proper measuring circuit and a technique of feature extraction that is suitable for the recognition. A requirement for the measuring circuit is a bandwidth wide enough so that the shape of the PD pulse can be resolved in time. For this purpose, the detection and measuring circuits have to be unconventional systems as far as the limits for the bandwidth described in [3] is concerned. Some examples of the bandwidth used for unconventional PD measurements are reported in [4, 5] . On the nanosecond scale of the duration of a PD pulse, the acquired waveforms are determined by the interaction of the physical phenomena of a PD pulse, the object under test and the detection/measuring circuit. Under such an interaction, a bandwidth in the range of MHz might be enough to resolve the shape of the PD pulse that arrives to the measuring sensor. Given the vol fined as in equ
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EXPERIMENTAL RESULTS FOR SINGLE SOURCES
For each single PD source test listed in Table 1 , 20.000 PD pulses were acquired. The computation of the peak value I peak , charge Q and energy E by the methods described in section 3 led to the I peak QE cluster plots. Figure 15 to Figure 17 correspond to the cluster plots when only two parameters are considered. As expected, some PD sources share some features, which can be seen as an overlapping of clusters with common features. Since not all the three parameters are similar for two PD sources, they can be overlapped in one cluster, but separated in any other. This is for example the case for the pulses from test F and A; in Figure 16 both clusters appear very close as they have similar values of amplitude and energy, however, in Figure 15 both clusters are clearly separated on account of different values of charge.
Comparison between corona and free moving particle is interesting because despite the pulse shapes from test E and D differ from the pulse shape from test B, their values of amplitude and energy came out comparable, leading to an overlapping as shown in Figure 16 . Alternatively, different values of charge make it possible a separation as can be seen in Figure 15 and Figure 17 .
Particularly for test E and D, the clusters always were overlapped regardless of the parameters used, which is explained mainly by the similarity in pulse shapes of corona discharge pulses, see Figure 4 and Figure 5 .
Moreover, the case of test C and B is a good example of the role of the statistical distribution of results in the separation of sources. Note that both sources can be slightly overlapped in any cluster of Figure 15 to Figure 17 , but since the values of the parameters spread over a wide range, it is still possible to separate one source from the other. As it was highlighted, a characteristic required for the best performance of a clustering technique is that the parameters used can bring about separated clusters as much as possible, avoiding overlapping areas. Accordingly, an improvement in the separation of the clusters is achieved by considering the relations E/I peak , I peak /Q and E/Q as clustering parameters. The resulting cluster plots with these relation parameters are shown in Figure 18 and Figure 19 . Each PD source now appears separated from each other without any overlapping, except for the case of test D and E corresponding to the corona discharges. These experiments show the performance of the I peak QE cluster technique. 
EXPERIMENTAL RESULTS FOR MULTIPLE SOURCES
An extra set of measurements were carried out on an arrangement having corona and free moving particle discharges. The PRPD pattern for this case of multiple PD sources is shown in Figure 20 . Figure 21 shows that based on the parameters I peak and E it is not feasible to separate the cluster of the corona discharge pulses from those of the free moving particle discharges. Both parameters are common for both sources and therefore they appear as merged clusters. If the parameter I peak is now replaced by the charge Q, even when the PRPD pattern shows values of charge in the same order of magnitude, the cluster Q vs E in Figure 22 clearly allows to distinguish the two different PD sources. Likewise, the separation of the sources is also possible if the relations E/I peak vs E/Q are employed as depicted in Figure 23 . . Cluster E/I peak vs E/Q for the case of corona and free moving particle discharges.
EFFECT OF ACQUISITION PARAMETERS ON CLUSTERS
In [9] it was discussed the effect of the acquisition parameters that are relevant for unconventional PD measuring systems on the results of clustering parameters.
Particularly, the well-known and extensively used classification map reported in [12] , that is based on the computation of the equivalent time T eq and frequency bandwidth W eq , was proved to be affected by settings such as sampling frequency, acquisition time, number of samples and vertical resolution of the acquisition.
To test the effect of these settings on the clusters based on I peak , Q and E, a number of tests as described in Table 2 were carried out with different acquisition parameters.
For this analysis, the positive corona discharge source was chosen because of its stability. By using corona discharge pulses is possible to record pulses having fairly homogeneous shapes and a high repetition rate. Likewise, the repeatability of the measurements is high so that the experiments can be easily duplicated elsewhere. When comparing the clusters based on I peak , Q and E (Figure 24 and Figure 25 ) with the clusters from the classification map (Figure 26) , it can be claimed that no critical differences arose from the change in the acquisition parameters in the case of clusters based on I peak , Q and E. Conversely, in the case of the classification map, each setting gave rise to a different cluster for the same PD source with different magnitude and shape.
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These results suggest that the acquisition parameters are not critical parameters for the construction of clusters based on I peak , Q and E which entails an advantage. Less requirements on the acquisition parameters also suggests that the proposed clustering technique is achievable by a wide range of instruments that can easily be implemented for laboratory measurements. 
CONCLUSION
A new clustering technique based on the parameters I peak , Q and E was evaluated for the purpose of separation of PD sources. The results showed that the use of these parameters succeeds in the source separation provided that the pulse shapes are significantly different from one source to another. For the measurements in laboratory test objects, it was found that different sources can have similar values of any two of the parameters I peak , Q and E but if the waveforms are clearly different then there is a low likelihood that all the three parameters become similar. This fact enabled the source separation by the selection of the proper combination of parameters. The relations E/I peak , I peak /Q and E/Q also proved to contribute to enlarge subtle differences between source waveforms, showing that the I peak QE clusters are a powerful tool for PD source clustering.
Correspondingly, the values of I peak , Q and E were similar for PD sources with similar pulse shapes. This was the case of positive and negative corona where the set of clusters always were overlapped regardless of the parameters. On the other hand, the algorithms hereby implemented were able to distinguish the polarity of the pulses which in the case of corona discharges would allow the separation of positive from negative corona discharges.
The stochastic behaviour of the PD phenomena brings about a statistical distribution of the results. However, if there exist significant differences between the values of I peak , Q and E for distinct PD sources, the effect of the statistical distribution will be less.
With unconventional PD measuring systems the acquisition parameters play an important role in clustering techniques because as reported in Figure 26 the parameters such as sampling frequency, period, number of samples and vertical resolution of the acquisition affect the magnitude and shape of the clusters based on the equivalent time and frequency bandwidth. On the other hand, the clusters based on I peak , Q and E were proved to be more independent on such acquisition parameters which makes it suitable for practical application.
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Another advantage of a cluster based on I peak , Q and E is its versatility. A combination of two parameters might be unable to separate sources, but it is possible that any other combination does succeed.
In field measurements, PD sources are likely to have different pulse shapes on account on the physics of the discharge and the propagation path. Therefore, the I peak QE clustering technique introduced in this paper is a feasible tool for practical applications.
